ABSTRACT Resonance Raman excitation profiles have been measured for the bovine visual pigment rhodopsin using excitation wavelengths ranging from 457.9 to 647.1 nm. A complete Franck-Condon analysis of the absorption spectrum and resonance Raman excitation profiles has been performed using an excited-state, time-dependent wavepacket propagation technique. This has enabled us to determine the change in geometry upon electronic excitation of rhodopsin's 11 -cis-retinal protonated Schiff base chromophore along 25 normal coordinates. Intense low-frequency Raman lines are observed at 98, 135, 249, 262, 336, and 461 cm-' whose intensities provide quantitative, mode-specific information about the excited-state torsional deformations that lead to isomerization. The dominant contribution to the width of the absorption band in rhodopsin results from Franck-Condon progressions in the 1,549 cm-' ethylenic normal mode. The lack of vibronic structure in the absorption spectrum is shown to be caused by extensive progressions in low-frequency torsional modes and a large homogeneous linewidth (170 cm-1 half-width) together with thermal population of low-frequency modes and inhomogeneous site distribution effects. The resonance Raman cross-sections of rhodopsin are unusually weak because the excited-state wavepacket moves rapidly (-35 fs) and permanently away from the Franck-Condon geometry along skeletal stretching and torsional coordinates.
INTRODUCTION
Rhodopsin, the light-sensitive visual pigment found in the retinal rod cells of vertebrates, is responsible for scotopic or night vision. It is a 41,000-D protein containing an 11-cis-retinal prosthetic group (Scheme I) bound to lysine 296 as a protonated Schiff base (1) . The primary event in vision is cis-trans photoisomerization about the C11 C12 bond (2) . The structure of the primary photoproduct, bathorhodopsin, has been studied extensively with resonance Raman (3) (4) (5) and FTIR spectroscopy (6) (7) (8) , and is thought to be distorted all-trans. Picosecond absorption (9, 10) , Raman (11) , and fluorescence (12) studies indicate that the isomerization occurs on a picosecond timescale. INDO calculations predict that 2 ps is a reasonable time for the appearance of ground-state bathorhodopsin (13) . Several models have been proposed for the mechanism of this cis-trans isomerization (13) (14) (15) (16) , but more data are needed to quantitatively determine how this rapid isomerization process occurs.
Resonance Raman intensities provide detailed information about excited-state structure and dynamics on an extremely fast timescale (17) . The intensity of each vibrational line in a resonance Raman experiment directly Address correspondence and reprint requests to Dr. Richard A. Mathies. reflects the geometry change between the ground and excited electronic states along that normal coordinate. Self-consistent analysis of the absorption spectrum and the resonance Raman excitation profiles can also yield such information as the homogeneous and inhomogeneous linewidths. In this way, excited-state structure and dynamics have been studied in a wide range of molecules, including bacteriorhodopsin (18) , stilbene (19) , cytochrome c (20) , and nucleic acids (21) .
The purpose of this paper is to use resonance Raman intensities to examine the excited-state structure and isomerization dynamics of rhodopsin. Specifically, we will analyze resonance Raman excitation profiles to develop a model for the multidimensional excited-state potential surface of the retinal prosthetic group, and to set limits on the excited-state isomerization and relaxation times. The resonance Raman intensities of 25 vibrational modes were measured as a function of excitation wavelength. These excitation profiles were analyzed to determine excitedstate geometry changes for each of the observed normal modes and to define the contributions of homogeneous (single molecule) and inhomogeneous (ensemble) broadening to the overall absorption bandshape. An important result of this study is the observation of intense lowfrequency skeletal torsional modes whose Franck-Condon progressions contribute significantly to the homogeneous absorption bandshape. BIOPHYS 
Experimental
Frozen bovine retinas were purchased from J. A. Lawson (Lincoln, NE), and the rod outer segments were isolated by a sucrose flotation method (22) . The rod outer segments were lysed in water and solubilized in 5% Ammonyx-LO (Onyx Chemical Co., Jersey City, NJ). The resulting rhodopsin solution was purified by hydroxylapatite chromatography (22) and concentrated in Amicon membrane cones to 15-30 AM. Typical yields were 750-1,500 nmol rhodopsin per 100 retinas. Room-temperature, rapid-flow resonance Raman spectra of rhodopsin were obtained with 10-15-ml samples having an absorbance of 0.8-1.5 OD/cm at 500 nm (100 mM phosphate buffer, <10 mM NH2OH-HC1, <1% Ammonyx-LO, pH 6.8-7.0) and containing 0.2-0.6 M potassium nitrate as an internal intensity standard. Addition of potassium nitrate had no noticeable effect on the absorption or resonance Raman spectra of rhodopsin. Raman scattering was excited by spherically focusing the laser beam in the 0.8-mm diameter capillary containing the flowing rhodopsin solution. Laser excitation was obtained with Kr and Ar ion lasers (Spectra-Physics, Mountain View, CA, models 171 and 2020). Multichannel detection of the Raman scattering was accomplished with a cooled intensified vidicon detector (PAR 1205A/1205D) coupled to a double spectrograph. Single-channel photon-counting spectra were obtained with a double monochromator system (22) . Spectral slit widths were 5.0-6.0 cm-'. The laser power (300-600 ,W), flow rate (300-400 cm/s), and beam waist (10 ,um) were chosen to minimize the effects of photolysis on the Raman spectra (photoalteration parameter F-0.1, reference 23). The actual bulk photolysis rate was determined by measuring the absorption spectrum of the sample after each Raman scan. The multichannel Raman spectrometer was calibrated using cyclohexene and dicyclopentadiene as external standards. Frequencies are accurate to +4cm-'.
Raman data collection was performed with a PDP 11/23 computer. Reported spectra are the sum of three to nine scans. All spectra were corrected for the wavelength dependence of the spectrometer efficiency using a standard lamp. Fluorescence backgrounds were removed by subtracting a quartic polynomial, and the spectra were digitally smoothed using a three-point sliding average. The integrated intensities of the rhodopsin lines relative to the 1,049 cm-' nitrate line were obtained by fitting regions of the spectrum to sums of Lorentzian peaks convoluted with a triangular slit function. The relative intensities of the rhodopsin lines were then corrected for self absorption using a 0.4-mm path length. The differential self-absorption correction between the nitrate line and any rhodopsin fundamental was no more than 15%. Absolute Raman cross-sections were found from the relative integrated intensities using: ( In this equation, v,, is the resonant electronic energy, v is the scattered photon energy, v0 is the incident photon energy, K is a fitting constant, and C gives the contribution from background electronic states (27) . The data, A-term fit, and fitting parameters are presented in Fig. 1 
Theory
The resonance Raman and absorption cross-sections in the Condon approximation can be written using the time-dependent formalism of Lee ' The sulfate cross-sections of reference 18 were referenced to a benzene cross-section of 224 Mbarns (1 Mbarn = 1 x 10-14 A2) at 514.5 nm (24).
More detailed measurements now give a value for the cross-section of benzene at 514.5 nm as 258 Mbarns (25) . Therefore, we have rescaled the sulfate cross-section of reference 18 Fig. 2 . The ground state vibrational wavefunction, i ), is carried to the excited-state surface by the incident photon. Because it is not an eigenstate of the excited-stated Hamiltonian, the wavepacket propagates on the excited-state surface. The time-dependent overlap with the initial state, (ili(t)), determines the absorption spectrum, whereas the overlap with the final state, ( f i(t) ), generates the Raman excitation profiles. The Fourier transforms of these overlaps give the theoretical absorption spectrum and Raman excitation profiles. In the separable multimode case, the multidimensional absorption overlap is the product of the one-dimensional overlaps (i|i(t)) for each normal mode. The multimode Raman overlap in Eq. 3 is the product of ( fli(t) ) in the Raman active mode and ( i|i(t) ) in all other modes. The implementation of these equations has been described in detail (17) .
In our treatment, each high-frequency vibrational degree of freedom is described by its frequency and a displacement A, in dimensionless normal coordinates, between ground and excited-state harmonic potential surface minima (see Fig. 2 ). We are assuming that anharmonicities, Duschinsky rotation of the excited-state normal coordinates, and frequency changes are less important than the potential surface origin displacement. This has been shown to be a reasonable initial assumption for high-frequency modes in the vibronic analysis of polyenes (29) .
Vibrations below -500 cm-' can be modeled in two equivalent ways. The first approach is to use a bound harmonic excited-state surface with no excited-state frequency changes. This model is likely to be inaccurate at long propagation times because the excited-state surfaces of these coordinates are expected to have large frequency changes and anharmonicities which would alter 1i(t)) at long times. However, as will be shown later, the Raman cross-sections indicate that rhodopsin scatters in the "short time limit," which means that the multimode Raman overlap ( 1Ii(t) ) decays very rapidly (-35 fs). Because short-time limit the second derivative of the excited-state potential surface is less important than the slope in determining the dynamics. Hence, anharmonicities and frequency changes in the excited state need not be explicitly considered.
Measurement of the Raman excitation profiles permits the differentiation of homogeneous and inhomogeneous contributions to the absorption bandshape (17) . The homogeneous absorption band arises from FranckCondon transitions in explicit modes, each of which is broadened by the homogeneous linewidth. As the homogeneous lineshape becomes broader, either through Franck-Condon or lifetime effects, the excitation profiles and the absorption spectrum become diffuse. In addition, the resonance Raman cross-sections are strongly reduced as the homogeneous width is increased. Thus, the resonance Raman cross-sections provide a sensitive probe of the overall homogeneous width. In the case of rhodopsin, the absorption lineshape requires that the homogeneous damping function in Eqs. 3 and 4 be a Gaussian of the form e-r2t2/hl
In condensed phase we must also include inhomogeneous or 'site' distribution effects, which have been modeled as a Gaussian distribution of zero-zero energies with standard deviation 0 (17) . Inhomogeneous broadening causes both the absorption spectrum and Raman excitation profiles to lose vibronic structure, but it does not change the integrated intensity of either, because inhomogeneous effects enter the calculation as a normalized distribution at the probability level.
Because a number of the Raman-active modes in rhodopsin have frequencies -kT, we also need to include the broadening due to molecules whose initial state is vibrationally excited. The four modes below 300 cm-' are significantly (21%) populated to i = 2 at 2770K. The required Raman and absorption overlaps for these thermally excited states are easily calculated using the linear excited-state model described in reference 18. The expressions for (010(t)) and (10(t)) have been given earlier (18) . The derived expressions for the single-mode time-dependent overlaps, ( ili(t) ) and ( fli(t) ), when i = 1 or 2 are (30) In these expressions ,B/h is the slope of the excited-state potential surface and w is the ground-state frequency. The single-mode overlaps which initiate from higher-lying ground-state vibrational levels evolve much faster at short times than the corresponding i = 0 overlaps due to the presence of more nodes in the overlapping wavefunctions. When the Raman-active mode is thermally excited, the calculated Raman scattering will be more intense because the single-mode (fli(t)) rises to a maximum much faster, before other homogeneous damping effects become significant. When other modes are thermally excited, the faster fall-off of their (i|i(t))'s will damp the multimode (fli(t)) more rapidly, resulting in weaker Raman scattering. The ensemble-averaged cross-sections depend on an interplay of these two effects which is sensitive to temperature, mode frequencies, and the excited-state slopes.
We initially assumed that the cross-sections at 514.5 nm are proportional to A2 and used these deltas referenced to A1549 = 1.0 as a starting point in the analysis. The 25 observed modes were used in the timedependent calculations and the other parameters were selected to best model the experimental absorption spectrum and excitation profiles. The scaling of the deltas is determined by the width of the absorption band. The homogeneous width is determined by the magnitude of the absolute resonance Raman cross-sections and the shape of the absorption spectrum on the red edge. The transition moment (M) is dictated by the magnitude of the absorption cross-section. Finally, the degree of inhomogeneous broadening (0) and the energy gap between the ground and excited potential surfaces (EO) are chosen to give the correct absorption bandshape and position. This process is iterated several times until the experimental and calculated excitation profiles and absorption spectra are in agreement. The parameters could not be altered by more than ±5% without significantly reducing the goodness of fit.
RESULTS
The resonance Raman spectra of rhodopsin are shown in Fig. 3 and the cross-sections are summarized in Table I . The symmetric stretch of nitrate, the intensity standard used in these spectra, is seen at 1,049 cm-'. Previous studies have suggested that extensive progressions in lowfrequency modes may contribute significantly to the overall absorption lineshape (18, 31, 32) . Therefore, we measured the low-frequency spectrum of rhodopsin (Fig. 4 A) Table I ). These modes will therefore make a major contribution to the absorption lineshape. INDO and QCFF/PI calculations on the 1 1-cis-retinal chromophore (31, 32) and vibrational assignments of conjugated polyenes (33) indicate that single-and double-bond torsions are found in this region of the Raman spectrum. We therefore ascribe the modes at 98, 135, 249, 262, 336, and 461 cm-' to torsional modes. Fig. 5 demonstrates the good agreement between the experimental Raman excitation profiles and absorption spectra and those calculated using the parameters of Table  I . Similarities in the relative intensities at different excitation wavelengths indicate that the enhancement profiles of these modes should be similar and this is borne out in the calculations. The calculated and experimental absorption spectra and excitation profiles are broad and featureless, suggesting rapid dynamics in the excited-state and/or large inhomogeneous effects. Attempts to model these data using a Lorentzian lineshape function whose width was large enough to give the correct Raman cross-sections were unsuccessful because they predicted a large red-edge tail BIOPHYSICAL JOURNAL VOLUME 54 1988 38 ABSOLUTE RESONANCE Fig. 6 B it is clear that the area under the multimode (fli(t)), which is proportional to the Raman cross-section, is strongly reduced when the torsions are included because the Raman overlap must be multiplied by a rapidly decaying torsional (ili(t)) (dotted line). How- ever, even with all the torsional degrees of freedom included, the calculated cross-sections are still a factor of 1.5 too high. Thus, the cross-sections require the inclusion of a rapidly decaying homogeneous lineshape function (t,12= 45 fs). In summary, the damped resonance Raman cross-sections require that ( fli(t) ) must decay rapidly and permanently. The rapid decay at short times is due to large torsional distortion of the chromophore after electronic excitation. The permanence of the decay of (fli(t)) is ensured by the Gaussian homogeneous decay whose origin will be discussed. The contributions of the inhomogeneous width, thermal populations of low frequency modes, the Gaussian homogeneous width, and the torsional progressions to the absorption bandshape of rhodopsin are shown in Fig. 7 . Spectrum A was calculated using the parameters in Table I . B presents the absorption spectrum with the inhomogeneous width 0 and the temperature set to zero. The appearance of broad 0-, 0, 1 o-0, and 2-'0 bands clearly shows that the inhomogeneous broadening (910 cm-half-width) and thermal broadening contribute significantly to the diffuseness. Spectrum C was calculated by also setting the Gaussian decay r to zero, whereas in D the low-frequency The top spectrum shown in B is the sum of three scans obtained on the single-channel, double monochromator system exciting at 514.5 nm. The middle spectrum is the sum of three bleached scans obtained using the same conditions. The bottom spectrum gives the difference with a subtraction factor (1.4) chosen to give the best flat background. In addition, a broad feature from 50-150 cm-' was removed using a cubic spline fitting routine. Thus, the residual scattering is, if anything, an underestimate. The cross-sections of the four lines at 98, 135, 249, and 262 cm-' were determined by referencing to the 970-cm l line which was measured in the same experiment (inset). FIGURE 7 Contribution of various broadening mechanisms to the absorption bandshape of rhodopsin. A is calculated using the parameters of Table I . B is calculated with the inhomogeneous width 0 and temperature set to zero. C is calculated with the inhomogeneous width, temperature, and Gaussian homogeneous width set to zero. D is calculated with the additional removal of all low-frequency modes (<500 cm '). To make the calculation tractable, a Lorentzian homogeneous linewidth (I' = 13 cm' half-width) has been included in the calculations of spectra C and D. The zero-zero energy in D has been adjusted to compensate for changes in the zero-point energy caused by the removal of the torsions.
progressions in high-frequency modes with the 1,549 cm-1 ethylenic stretch as the major contributor.
DISCUSSION
The primary purpose of this study is to examine the dynamics of the excited-state isomerization of the retinal chromophore in rhodopsin. The following temporal picture is suggested by these data. After excitation, the wavepacket leaves the Franck-Condon region rapidly along high-frequency single-and double-bond stretching modes. By the time it returns to the Franck-Condon region along these high-frequency modes (~-20 fs), the molecule has distorted significantly about low-frequency torsional modes such that the multimode overlap (ili(t)) is strongly damped. At longer times (>200 fs), strong radiationless coupling (surface crossing) associated with isomerization must occur that damps out any later recurrences. The strong coupling is represented in this study by dissociative torsions and the Gaussian homogeneous decay. This picture is consistent with subpicosecond absorption studies on bacteriorhodopsin which indicate that the torsional distortion of the retinal chromophore occurs on a 100-150fs timescale (34) and that electronic relaxation occurs with a t112 of -~500 fs (34, 35) .
The observation of explicit low-frequency torsional modes at 98, 135, 249, 262, 336, and 461 cm-lis an intriguing result of this study. By modeling the excitedstate potential of the CI1=C12 torsion as a linear surface, the intensities of these modes can be used to make a rough estimate of the torsional isomerization time. QCFF/PI calculations predict that the C,,=CU2 torsion is primarily localized in a mode at 537 cm-'. Therefore, we will assume that the Raman line at 461 cm-' can be assigned as this torsion. If a wavepacket is propagated on the linear excited-state surface of the 461 cm-' mode, it will reach a dimensionless coordinate of 11, corresponding to a torsional angle of 900, in only 100 fs (19) . This suggests that the isomerization could occur as fast as 0.2 ps. Because modes below 300 cm-' have very large excited-state slopes, even larger single-bond torsions and skeletal deformations in addition to the CH =C12 torsion occur during the isomerization. Normal mode assignments of these lines will provide specific projections of these modes on the isomerization coordinate and introduce further constraints in models of the isomerization mechanism.
The Gaussian homogeneous linewidth used in this study requires comment. The decay of the Gaussian is too fast to be purely electronic relaxation; other studies have shown 500 fs to be a reasonable electronic relaxation time for rhodopsins (34, 35) . One possibility is that the Gaussian decay is due to distortions along torsional modes which are too low in frequency to be observed in this study. Modes below -50 cm-' are very difficult to observe experimentally even if they are highly displaced. It seems more likely, however, that the Gaussian decay arises from rapid dephasing. As the polyene torsionally distorts, the excited electronic-state character will change very dramatically, producing concomitant changes in the vibrational potential surfaces. Because of the obvious Born-Oppenheimer breakdown, this process should be thought of as "vibronic dephasing."
A previous INDO calculation of isomerization trajectories has predicted that rhodopsin distorts along a barrierless C1 1=C12 torsional coordinate on the excited-state potential surface to a 900 twisted geometry from which it crosses to the ground-state potential surface and forms either rhodopsin or bathorhodopsin (13) . Similarly, in our model the wavepacket propagates along low-frequency modes on the excited-state surface until it reaches a geometry where electronic relaxation to the ground-state potential surface is optimized. Our predicted time to a 900 twisted geometry (-100 fs) is in good agreement with picosecond fluorescence experiments which suggest 80-170 fs and with recent measurements on bacteriorhodopsin (bR) (12, 34) . However, INDO calculations (13) predict times of 800-1,100 fs to reach the 900 geometry, suggesting that the theoretical excited-state slopes are low.
The two largest geometry changes occur in the 1,549
cm-' ethylenic stretch and 970 cm-' 11,12 hydrogenout-of-plane (HOOP) lines. The large delta in the 1,549 cm-' ethylenic stretch quantitates the change in doublebond strength in the excited-state. The large delta in the 970 cm-' HOOP mode has been interpreted in terms of ground-state distortions about the Cl0-CII, CII=C12, and C12-C13 bonds that allow this mode to acquire resonance Raman intensity (4, 5, 14) . A HOOP mode with a delta of 1.2 has also been seen at 963 cm-' in cis-stilbene, which is distorted around the exocyclic double bond in the ground state (19) . These ground-state distortions have led to the appealing suggestion that the retinal chromophore is twisted around the CII=C12 double bond in such a way that the isomerization process is "primed" (22) . This may help to account for the unusually short time (9) (10) (11) (12) (13) required for this isomerization and may contribute to the high quantum yield for isomerization (¢isom = 0.67, reference 36).
We have previously determined the excited-state structure and dynamics of the bR chromophore from resonance Raman intensities (17, 18) . The most interesting similarities between rhodopsin and bR occur in the calculated excited-state relaxation times for the two proteins. The analysis of rhodopsin is essentially identical to that of bR, except that in bR no low-frequency modes with significant resonance Raman intensity have thus far been detected. Therefore, a Gaussian homogeneous damping function which represented distortion on a highly displaced torsional surface had to be included to account for the damped Raman cross-sections and broad absorption bandshape. The wavepacket leaves the Franck-Condon region very rapidly in both bR and rhodopsin; (ili(t) ) decays to zero in 30 and 35 fs, respectively. Thus, the excited-state relaxation in each is similar. Since both molecules undergo double-bond isomerizations in a protein, this suggests that the mechanism for isomerization is analogous. An additional similarity is the relatively large amount of inhomogeneous broadening required in the calculations for bR (0 = 560 cm-', half-width) and rhodopsin (0 = 910 cm-', half-width) to account for the spectral diffuseness. This inhomogeneous width could be due to differences in protein-chromophore interactions associated with the opsin shift.
CONCLUSIONS
Resonance Raman intensities have been used to perform a complete Franck-Condon analysis of the absorption bandshape in the visual pigment rhodopsin. The majority of the absorption spectral width is due to Franck-Condon progressions in high-frequency ethylenic stretching modes. Low-frequency torsional modes and the Gaussian homogeneous linewidth contribute to the diffuseness of the absorption spectrum and are responsible for the reduced Raman cross-sections. Inhomogeneous site distribution effects also make a large contribution to the absorption bandshape. The excited-state geometry changes determined in this study can now be used to critically evaluate theoretical calculations of the mechanism of excited-state photoisomerization. Also, now that the factors which contribute to the absorption width and lineshape have been identified, it should be possible to more quantitatively analyze wavelength-dependent trends in visual pigment absorption linewidths and lineshapes.
